**(See the editorial commentary by Belongia on pages 1477--80.)**

The 2015--2016 influenza epidemic in Canada and the United States was characterized by a delayed peak in March (week 10)---one of the latest on recent record---due predominately to 2009 pandemic influenza A(H1N1) viruses (A\[H1N1\]pdm09) but with cocirculation of influenza B viruses mostly belonging to the B(Victoria) lineage \[[@CIT0001], [@CIT0002]\]. The last prior season during which A(H1N1)pdm09 dominated was 2013--2014, with an earlier epidemic peak in December--January (week 52--week 4) \[[@CIT0003]\].

The test-negative design (TND) is an efficient method for annual influenza vaccine effectiveness (VE) estimation \[[@CIT0006]\]. In Canada, the TND is superimposed on a community-based Sentinel Practitioner Surveillance Network (SPSN) through which VE against medically attended laboratory-confirmed influenza is directly correlated with the genetic and antigenic profile of contributing viruses \[[@CIT0007]\]. The Canadian SPSN estimated that the VE against A(H1N1)pdm09 was approximately 90% for the AS03-adjuvanted monovalent A(H1N1)pdm09 vaccine \[[@CIT0008]\] and approximately 60%--80% for nonadjuvanted seasonal vaccines used thereafter between 2010--2011 and 2013--2014 \[[@CIT0004], [@CIT0009]\]. Throughout that period, the same A/California/7/2009-like A(H1N1)pdm09 vaccine strain was used, and it was retained for the seventh consecutive year in 2015--2016 \[[@CIT0013]\].

The antigenic-distance hypothesis predicts negative interference (ie, reduced VE) with serial vaccination when the prior season's vaccine (*v1*) and current season's vaccine (*v2*) antigens are similar (ie, *v1*≈v2) but *v1* is antigenically distinct from the current season's epidemic strain (ie, *v1*≠*e*) \[[@CIT0014]\]. However, positive interference (ie, enhanced VE) may occur when *v1* is antigenically closer to *e* (ie, *v1*≈*e*). Pronounced negative interference is anticipated when *v1* and *v2* are identical and distinct from *e* (ie, *v1*≡*v2*≠*e*) \[[@CIT0014]\]. In Canada, a pattern of positive interference was suggested for A(H1N1)pdm09 during the initial postpandemic seasons, when *v1*≡*v2*≈*e* \[[@CIT0009], [@CIT0010], [@CIT0015]\].

In 2012--2013, a new genetic variant of A(H1N1)pdm09, called clade 6B, emerged, distinguished by a K163Q substitution (H1 numbering) in antigenic site Sa atop the hemagglutinin (HA) surface protein \[[@CIT0004]\]. Q163-bearing clade 6B viruses that dominated during the subsequent 2013--2014 epidemic were still considered antigenically similar to the K163-bearing A/California/07/2009 component of the vaccine, based on results of the conventional hemagglutination inhibition (HI) assay \[[@CIT0004]\]. However, HI assays that use antisera collected from previously influenza-naive ferrets may not reflect the diverse exposure histories and immunological landscape of humans, especially adults, that also potentially influence vaccine performance \[[@CIT0016]\].

Past exposures may create immunological cohort effects such as those invoked by Linderman et al to explain differential age-specific A(H1N1)pdm09 susceptibility \[[@CIT0018]\]. According to the Linderman et al hypothesis, detailed in our Supplement 1, original childhood priming exposures may have induced preferential K163-specific memory responses among middle-aged adults in 2013--2014, especially for those born during 1940--1984 (notably those born during 1965--1979, among whom K163-specific responses were reported to be highest) \[[@CIT0018]\]. Through the phenomenon of original antigenic sin \[[@CIT0023]\], hierarchical antibody refocusing toward early childhood priming specificity is reinforced with each infection or vaccination involving viruses sharing the immunodominant K163 epitope. Linderman et al propose that younger adults (ie, those born after 1985) were spared such targeted specificity owing to their childhood priming to A(H1N1) viruses that had acquired glycosylation sites masking the K163 epitope \[[@CIT0018]\]. Impaired immunity, including lower VE in 2013--2014 against clade 6B viruses bearing Q163, might be anticipated for those with K163-specific prime-boost experiences. Despite these potential effects, moderate VE against A(H1N1)pdm09 was reported among adults in both Canada (approximately 75%) and the United States (approximately 55%--65%) in 2013--2014 \[[@CIT0004], [@CIT0024], [@CIT0025]\]. However, marginally lower VE against A(H1N1)pdm09 was observed that season among *v2*+*v1* recipients, compared with *v2* only recipients, in both Canada (approximately 70% vs approximately 80%) and the United States (approximately 50% vs approximately 60%) \[[@CIT0004], [@CIT0015], [@CIT0024]\].

Beginning in October 2015, a further subclade of A(H1N1)pdm09, called 6B.1, emerged, defined by additional HA mutations, including S162N, adjacent to Q163, conferring a potential gain of glycosylation \[[@CIT0013]\]. The 2015--2016 epidemic thus provided opportunity to explore VE for the unchanged A(H1N1)pdm09 vaccine with further evolved epidemic viruses. Here we examine the VE of 2015--2016 seasonal influenza vaccine, incorporating agent-host considerations such as viral genomic evolution, repeat vaccination, immunological cohort effects, and potential waning of immunity across the season's delayed epidemic.

METHODS {#s5}
=======

Canadian SPSN {#s6}
-------------

Nasal/nasopharyngeal specimens were collected from patients presenting to sentinel sites in provinces participating in the Canadian SPSN (Alberta, British Columbia, Ontario, and Quebec) within 7 days of influenza-like illness (ILI) onset, defined as fever, cough, and ≥1 of the following: sore throat, myalgia, arthralgia, or prostration. Fever was not required for elderly adults ≥65 years old. Epidemiological information was based on self-report documented by sentinel practitioners using a standard questionnaire at the time of specimen collection. All participants or their parent/guardian provided verbal consent. Ethics approval was obtained in each participating province.

Influenza Diagnosis and Characterization {#s7}
----------------------------------------

Influenza was diagnosed on the basis of reverse-transcription polymerase chain reaction assay. Sequencing of HA in original specimens obtained from patients included in the VE analysis was attempted to establish clade designation and identify whether amino acids at antigenic sites differed from those in the egg-adapted high-growth reassortant vaccine strain. Antigenic characterization of virus isolates was performed using an HI assay \[[@CIT0016]\]. Details about laboratory methods are provided in Supplement 2. Relevant GenBank accession numbers are as follows: MF195302--MF196091; MF348042--MF348066, except MF348058, MF348062, and MF348065; KU821061--KU821078; and KU821080--KU821100.

Influenza Vaccination and VE Estimation {#s8}
---------------------------------------

For the 2015--2016 trivalent influenza vaccine, the World Health Organization recommended the same A(H1N1)pdm09 antigen as used since 2009 but a clade-level change from 2014--2015 for the A(H3N2) and B(Yamagata) components. Quadrivalent vaccine included the same B(Victoria) strain as recommended since 2009--2010 (Supplement 3).

Owing to the delayed 2015--2016 epidemic (Supplement 4), VE analyses were limited to specimens collected from 3 January to 30 April 2016 (weeks 1--17). The VE was derived by the TND: cases tested positive for influenza virus, and controls tested negative. Patients who self-reported receipt of at least 1 2015--2016 influenza vaccine dose ≥2 weeks before ILI onset were considered vaccinated. Logistic regression models were used to derive odds ratios (ORs) for medically attended, laboratory-confirmed influenza in vaccinated participants compared to unvaccinated participants and adjusting for recognized potential confounders. The VE was derived as \[1 − OR\] × 100%. Serial/repeat vaccination effects were assessed among participants ≥9 years old through indicator-variable analyses based on vaccination history during the current and up to 2 prior seasons. The effect of prior 2009 monovalent AS03-adjuvanted A(H1N1)pdm09 vaccination was also explored.

Stratified analyses were primarily conducted using an interaction term for vaccination status and the stratification variable (eg, age group, month, and epidemic period). Age regrouping was undertaken for the A(H1N1)pdm09 VE analysis to explore potential cohort effects based on priming epoch, as defined in Supplement 1; this was modeled using the interaction term age group\*vaccination status and was also assessed by subset analysis. To further explore these effects, VE for each birth year (based on age at time of specimen collection) was also modeled for A(H1N1)pdm09, with age smoothed as a restricted cubic spline function, using 5 knots based on percentiles, and an interaction term for single year of age and vaccination status, as described elsewhere \[[@CIT0026]\]. Owing to sparse data for very old participants, additional age-based evaluations were limited to participants 1--76 years old in 2016 (ie, birth cohorts 1940--2015). As explained in Supplement 1, a maximum delay of 9 years from birth to first influenza A(H1N1) exposure was incorporated in delineating and interpreting cohort effects, recognizing, however, that immunological priming likely occurs before 6 years of age \[[@CIT0027]\].

Details related to influenza vaccines and VE estimation are provided in Supplement 3.

RESULTS {#s9}
=======

Virologic Profile {#s10}
-----------------

### Overall {#s11}

Overall, 2008 specimens contributed to VE analyses, of which about half tested positive for influenza virus: approximately 60% were positive for influenza A virus, and approximately 40% were positive for influenza B virus ([Table 1](#T1){ref-type="table"}). Among the detected influenza A and B viruses with known subtype and lineage information, \>90% were A(H1N1)pdm09 and \>75% were B(Victoria), respectively. Genetic characterization was successful for approximately 80%--90% of viruses contributing to VE analyses. HI characterization was available for about two thirds of A(H1N1)pdm09 and 80% of influenza B viruses ([Table 1](#T1){ref-type="table"}).

###### 

Virologic Profile of Influenza Viruses Collected From Participants in the 2015--2016 Influenza Vaccine Effectiveness Evaluation of the Canadian Sentinel Practitioner Surveillance Network

  Variable                                                                                                          Specimens, No. (%)
  ----------------------------------------------------------------------------------------------------------------- --------------------
  Influenza diagnosis                                                                                               2008 (100)
   Influenza virus negative                                                                                         926 (46)
   Influenza virus positive                                                                                         1082 (54)
  Influenza virus type,^a^ subtype/lineage                                                                          
   Influenza A                                                                                                      664 (61)
    A(H1N1)pdm09                                                                                                    596 (90)
    A(H3N2)                                                                                                         55 (8)
    A (subtype unknown)                                                                                             13 (2)
   Influenza B                                                                                                      423 (39)
    B(Victoria)                                                                                                     305 (72)
    B(Yamagata)                                                                                                     85 (20)
    B (lineage unknown)                                                                                             33 (8)
  Genetic characterization                                                                                          
   A(H1N1)pdm09^b^                                                                                                  467 (78)
    Clade 6B                                                                                                        10 (2)
    Clade 6B.1                                                                                                      452 (97)
    Clade 6B.2                                                                                                      5 (1)
   A(H3N2)^c^                                                                                                       43 (78)
    Clade 3C.2a                                                                                                     38 (88)
    Clade 3C.3a                                                                                                     5 (12)
   B(Victoria)^d^                                                                                                   277 (91)
    Clade 1A                                                                                                        277 (100)
   B(Yamagata)^e^                                                                                                   73 (86)
    Clade 3                                                                                                         73 (100)
  Antigenic characterization^f^                                                                                     
   A/California/07/2009(H1N1)pdm09-like (turkey; allantoic); trivalent vaccine strain                               383^g,h^ (64)
    \<4-fold                                                                                                        364 (95)
    ≥4-fold                                                                                                         19 (5)
    ≥8-fold                                                                                                         1^i^ (0)
   A/Switzerland/9715293/2013(H3N2)-like (guinea pig; allantoic or cell); clade 3C.3a trivalent vaccine strain^j^   11^g^ (20)
    \<4-fold                                                                                                        9 (82)
    ≥4-fold                                                                                                         2 (18)
    ≥8-fold                                                                                                         1 (9)
   B/Brisbane/60/2008(Victoria)-like (turkey; allantoic); clade 1A quadrivalent vaccine strain                      255^g^ (84)
    \<4-fold                                                                                                        30 (12)
    ≥4-fold                                                                                                         225 (88)
    ≥8-fold                                                                                                         149 (58)
   B/Brisbane/60/2008(Victoria)-like (turkey; cell)^k^                                                              149 (49)
    \<4-fold                                                                                                        137 (92)
    ≥4-fold                                                                                                         12 (8)
    ≥8-fold                                                                                                         1 (1)
   B/Phuket/3073/2013(Yamagata)-like (turkey; cell); clade 3 trivalent vaccine strain                               69 (81)
    \<4-fold                                                                                                        69 (100)

^a^Five participants were coinfected with influenza A(H1N1)pdm09 and influenza B. The sum of the subtotals of individuals infected with influenza A and B is greater than the total number of influenza virus--positive individuals.

^b^Sequencing details are provided in Supplement 5 and Supplement 6.

^c^Sequencing details are provided in Supplement 7.

^d^Sequencing details are provided in Supplement 8.

^e^Sequencing details are provided in Supplement 9.

^f^Defined as the fold reduction in HI titer of study viruses relative to vaccine reference virus (erythrocytes; allantoic or cell culture isolate). Antigenic distinction was defined by a ≥8-fold reduction in HI titer.

^g^Additional viruses had insufficient titers for HI characterization, including 7 A(H1N1)pdm09 isolates (2%), 30 A(H3N2) isolates (73%), and 1 B(Victoria) isolate.

^h^Includes 325 clade 6B.1, 8 clade 6B, and 5 clade 6B.2 viruses based on sequencing of original patient specimens. Sequencing findings after culture isolation were available for 27 of 325 clade 6B.1 viruses (8%) that were characterized by an HI assay and revealed that all retained the N162 glycosylation site.

^i^A clade 6B.1 virus.

^j^Cell-cultured reference virus used until 29 April 2016 (in 4 of 11 cases), after which allantoic reference virus was used (in 7 of 11), including the single virus found to be antigenically distinct. Antigenic characterization of influenza A(H3N2) clade 3C.2a viruses was compromised by previously described variability in the agglutination of erythrocytes.

^k^Only B(Victoria) viruses showing a ≥8-fold reduction to an allantoic B/Brisbane/60/2008(Victoria)-like virus (n = 149) were antigenically characterized against a cell-culture B/Brisbane/60/2008(Victoria)-like virus.

Abbreviations: A(H1N1)pdm09, 2009 pandemic influenza A(H1N1) virus; HI, hemagglutination inhibition.

### A(H1N1)pdm09 {#s12}

Virtually all (452 of 467 \[97%\]) sequenced A(H1N1)pdm09 viruses belonged to the emergent clade 6B.1, of which almost all bore 4 antigenic site substitutions relative to vaccine ([Figure 1](#F1){ref-type="fig"} and Supplement 5). This includes S203T\[Ca1\] acquired early (since 2009) among circulating A(H1N1)pdm09 viruses and S185T\[Sb\], located near the RBS---both are common to all clade 6 (and 7) A(H1N1)pdm09 viruses dominant in Canada since at least 2011 (Supplement 6) \[[@CIT0010], [@CIT0011]\]. It also includes K163Q\[Sa\], which has been common to all clade 6B viruses since 2012--2013, and the adjacent S162N\[Sa\] substitution, which confers a potential gain of N-linked glycosylation newly acquired among clade 6B.1 viruses since 2015--2016 \[[@CIT0004], [@CIT0012], [@CIT0013]\]. All sentinel A(H1N1)pdm09 viruses but 1 were considered antigenically similar to the egg-adapted vaccine strain.

![Crystal structure (trimer) of hemagglutinin (HA) of dominant clade 6B.1 2009 pandemic influenza A(H1N1) viruses (A\[H1N1\]pdm09) detected by the Canadian Sentinel Practitioner Surveillance Network, during the 2015--2016 season, with key substitutions relative to the egg-adapted X-179A high-growth reassortant (HGR) vaccine strain. Three-dimensional structural model shows key substitutions in the HA1 of dominant sentinel A(H1N1)pdm09 clade 6B.1 viruses as compared to the 2015--2016 egg-adapted A/California/07/2009-like HGR vaccine strain (namely X-179A most used in Canada). The trimeric HA protein of A(H1N1)pdm09 was constructed using the crystal structure of the A/Washington/05/2011 HA (Protein Data Bank accession number 4LXV) with substitutions relevant to clade 6B.1 viruses added in the PyMOL Molecular Graphics System (version 1.6; Schrödinger), using the Mutagenesis Wizard. Antigenic sites Sa, Sb, Ca1, Ca2, and Cb are shown in pastel colors. Substitutions are labelled and the involved antigenic site is indicated in parentheses and darker shading. Nonantigenic site substitutions arising from egg passage and/or in the HGR (both X-179A and X-181) are shown in red; a third such substitution (N129D) in relation to X-181 alone is not displayed. The dotted line from S203T (Ca1) indicates that the highlighted mutation is not visible from the point of view shown in the crystal structure. Note that amino acid numbering is based on the H1 scheme and begins with the signal peptide removed. RBS, receptor-binding site; +CHO, potential gain of glycosylation site.](jix52601){#F1}

### B(Victoria) {#s13}

Predominant B(Victoria) viruses were lineage mismatched to the B(Yamagata) trivalent influenza vaccine strain. All sequenced B(Victoria) viruses belonged to clade 1A ([Table 1](#T1){ref-type="table"}). The majority bore 3--4 antigenic-site substitutions relative to the egg-adapted clade 1A B(Victoria) quadrivalent vaccine component, which notably had lost the potential N197 glycosylation site present in the cell-passaged consensus sequence and all sentinel viruses (Supplement 8). The majority of B(Victoria) sentinel viruses were considered antigenically distinct from the egg-adapted B(Victoria) quadrivalent vaccine strain, whereas all but 1 of these same viruses were considered antigenically similar to the cell-passaged B(Victoria) referent.

Participant Profile {#s14}
-------------------

Nonelderly adults 20--64 years old contributed most to the VE analysis (1284 of 2008 participants \[64%\]; [Table 2](#T2){ref-type="table"}). The profile among test-negative controls was similar to that during 2013--2014 and included the same median age (37 years) and proportion vaccinated (33%) \[[@CIT0004]\]. Cases were younger in 2015--2016 versus 2013--2014 (median age, 33 vs 39 years; *P* \< .01)---a difference driven by influenza B virus (23 vs 43.5 years; *P* \< .01) not A(H1N1)pdm09 (38 years during both seasons; Supplement 10) \[[@CIT0004]\]. Most participants ≥9 years old vaccinated in 2015--2016 were previously vaccinated in 2014--2015 (387 of 449 \[86%\]) and in both 2014--2015 and 2013--2014 (353 of 432 \[82%\]).

Participant details are provided in [Table 2](#T2){ref-type="table"} and Supplement 10.

###### 

Epidemiological Profile of Participants Included in the 2015--2016 Influenza Vaccine Effectiveness Evaluation, Canadian Sentinel Practitioner Surveillance Network

  Characteristic                                     All Participants, No. (column %)   Vaccinated Participants, No. (row %)                                                                          
  -------------------------------------------------- ---------------------------------- -------------------------------------- --------------- ------- --------------- --------------- -------------- -------
  Overall                                            2008/2008 (100)                    1082/2008 (54)                         926/2008 (46)           510/2008 (25)   204/1082 (19)   306/926 (33)   
  Age, y                                                                                                                                       \<.01                                                  \<.01
   1--8                                              281/2008 (14)                      169/1082 (16)                          112/926 (12)            39/281 (14)     16/169 (9)      23/112 (21)    
   9--19                                             260/2008 (13)                      145/1082 (13)                          115/926 (12)            40/260 (15)     16/145 (11)     24/115 (21)    
   20--49                                            902/2008 (45)                      502/1082 (46)                          400/926 (43)            174/902 (19)    73/502 (15)     101/400 (25)   
   50--64                                            382/2008 (19)                      194/1082 (18)                          188/926 (20)            138/382 (36)    57/194 (29)     81/188 (43)    
   ≥65                                               183/2008 (9)                       72/1082 (7)                            111/926 (12)            119/183 (65)    42/72 (58)      77/111 (69)    
   Median (range)^b^                                 34.5 (1--96)                       33 (1--96)                             37 (1--92)      \<.01   50 (1--96)      48.5 (1--96)    50 (1--92)     \<.01
  Sex                                                                                                                                          \<.01                                                  .09
   Female                                            1239/2008 (62)                     637/1082 (59)                          602/926 (65)            331/1239 (27)   123/637 (19)    208/602 (35)   
   Male                                              769/2008 (38)                      445/1082 (41)                          324/926 (35)            179/769 (23)    81/445 (18)     98/324 (30)    
  Comorbidity^c^                                                                                                                               \<.01                                                  \<.01
   No                                                1650/2008 (82)                     927/1082 (86)                          723/926 (78)            328/1650 (20)   137/927 (15)    191/723 (26)   
   Yes                                               358/2008 (18)                      155/1082 (14)                          203/926 (22)            182/358 (51)    67/155 (43)     115/203 (57)   
  Province                                                                                                                                     \<.01                                                  \<.01
   Alberta                                           466/2008 (23)                      230/1082 (21)                          236/926 (25)            139/466 (30)    49/230 (21)     90/236 (38)    
   British Columbia                                  491/2008 (24)                      253/1082 (23)                          238/926 (26)            126/491 (26)    47/253 (19)     79/238 (33)    
   Ontario                                           690/2008 (34)                      370/1082 (34)                          320/926 (35)            181/690 (26)    72/370 (19)     109/320 (34)   
   Quebec                                            361/2008 (18)                      229/1082 (21)                          132/926 (14)            64/361 (18)     36/229 (16)     28/132 (21)    
  Collection interval, d                                                                                                                       \<.01                                                  .34
   ≤4                                                1520/2008 (76)                     863/1082 (80)                          657/926 (71)            378/1520 (25)   165/863 (19)    213/657 (32)   
   5--7                                              488/2008 (24)                      219/1082 (20)                          269/926 (29)            132/488 (27)    39/219 (18)     93/269 (35)    
   Median (range)^b^                                 3 (0--7)                           3 (0--7)                               3 (0--7)        \<.01   3 (0--7)        3 (0--7)        3 (0--7)       .03
  Specimen collection mo^d^                                                                                                                    \<.01                                                  .36
   January                                           382/2008 (19)                      147/1082 (14)                          235/926 (25)            91/382 (24)     22/147 (15)     69/235 (29)    
   February                                          685/2008 (34)                      396/1082 (37)                          289/926 (31)            164/685 (24)    61/396 (15)     103/289 (36)   
   March                                             705/2008 (35)                      430/1082 (40)                          275/926 (30)            187/705 (27)    100/430 (23)    87/275 (32)    
   April                                             236/2008 (12)                      109/1082 (10)                          127/926 (14)            68/236 (29)     21/109 (19)     47/127 (37)    
  2015--2016 seasonal influenza vaccination status                                                                                                                                                    
   Any^e^                                            533/2031 (26)                      211/1089 (19)                          322/942 (34)    \<.01   ...             ...             ...            
   ≥2 wk before ILI onset                            510/2008 (25)                      204/1082 (19)                          306/926 (33)    \<.01   ...             ...             ...            
    LAIV^f^                                          22/302 (7)                         8/122 (7)                              14/180 (8)      .69     ...             ...             ...            
    QIV^g^                                           62/287 (22)                        20/107 (19)                            42/180 (23)     .36     ...             ...             ...            
    Adjuvanted^h^                                    29/61 (48)                         10/20 (50)                             19/41 (46)      .79     ...             ...             ...            
  Influenza vaccination history^i^                                                                                                                                                                    
    2014--2015 seasonal                              561/1638 (34)                      248/863 (29)                           313/775 (40)    \<.01   387/561 (69)    159/248 (64)    228/313 (73)   \<.01
    2013--2014 seasonal                              552/1589 (35)                      240/834 (29)                           312/755 (41)    \<.01   372/552 (67)    150/240 (63)    222/312 (71)   \<.01
    2009 monovalent                                  580/1432 (41)                      290/768 (38)                           290/664 (44)    .02     287/580 (49)    116/290 (40)    171/290 (59)   \<.01

^a^Differences between cases and controls and between vaccinated and unvaccinated participants were compared using χ^2^ or Wilcoxon rank sum tests.

^b^Among all participants, data are for 2008 total participants, 1082 cases, and 926 controls. Among vaccinated participants, data are for 510 total participants, 204 cases, and 306 controls.

^c^Includes chronic comorbidities that place individuals at higher risk of serious complications from influenza, as defined by the NACI, including heart, pulmonary (including asthma), renal, metabolic (such as diabetes), blood, cancer, or immunocompromising conditions; conditions that compromise management of respiratory secretions and increase risk of aspiration; or morbid obesity (defined as a body mass index of ≥40) \[27\].

^d^Missing collection dates were imputed as the laboratory accession date minus 2 days.

^e^Participants who received seasonal 2015--2016 seasonal influenza vaccine \<2 weeks before ILI onset or for whom vaccination timing was unknown were excluded from primary analysis. They were included for assessing any vaccination, regardless of timing, for comparison with other sources of vaccination coverage.

^f^Data are for participants 2--59 years old who received 2015--2016 influenza vaccine ≥2 weeks before ILI onset and had known information for the type of vaccine received. Among participants 2--17 years old for whom LAIV was recommended by NACI \[[@CIT0026]\], 38% (21 of 55, including 7 cases) with known information had received LAIV. Among participants 2--5 years old for whom LAIV was preferentially recommended by the NACI \[[@CIT0026]\], 32% (7 of 22, including 4 cases) with known information had received LAIV.

^g^Data are for participants who received 2015--2016 influenza vaccine ≥2 weeks before ILI onset and had known information for TIV versus QIV. QIV includes both inactivated influenza vaccine and LAIV products.

^h^Data are for participants ≥65 years old who received 2015--2016 influenza vaccine ≥2 weeks before ILI onset and had known information for MF59-adjuvanted vaccine receipt.

^i^Data are for participants ≥9 years old who had known information for prior season(s)\' influenza vaccine receipt.

Abbreviations: ILI, influenza-like illness; LAIV, live attenuated influenza vaccine; NACI, Canadian National Advisory Committee on Immunization; QIV, quadrivalent influenza vaccine; TIV, trivalent influenza vaccine.

VE Estimates {#s15}
------------

### Overall {#s16}

Adjusted VE estimates are shown in [Figure 2](#F2){ref-type="fig"}, with model and participant details in Supplement 11. The VE was 43% (95% confidence interval \[CI\], 25%--57%) against A(H1N1)pdm09 and 54% (95% CI, 32%--68%) against B(Victoria). Sample size did not support adjustment of the VE by vaccine type in children; unadjusted estimates for live attenuated influenza vaccine (LAIV) were lower against A(H1N1)pdm09 but higher against influenza B as compared to inactivated influenza vaccine, with widely overlapping 95% CIs (Supplement 12).

![Adjusted vaccine effectiveness (VE) estimates for 2015--2016 seasonal influenza vaccine, by influenza type and subtype or lineage (primary analysis), Canadian Sentinel Practitioner Surveillance Network. Abbreviation: CI, confidence interval. ^a^Adjusted for age group, sex, comorbidity, province, collection interval, and calendar time (week of specimen collection as modeled using cubic B spline functions with 3 equally spaced knots). Details are specified in Supplement 3 and Supplement 11.](jix52602){#F2}

Repeat Vaccination Effects {#s17}
--------------------------

### A(H1N1)pdm09 {#s18}

With homologous vaccines (*v1*≡*v2*) and viruses considered antigenically similar (*v1*≈*e*) but genetically variant, statistically significant negative interference by *v1* on *v2* was observed for A(H1N1)pdm09 (*P* = .01 for the interaction term). Adjusted VE was lower for *v2*+*v1* than for *v2* alone (41% \[95% CI, 18%--57%\] vs 75% \[95% CI, 45%--88%\]), with a similar pattern observed after incorporating participants who received vaccine during an additional prior season ([Figure 3](#F3){ref-type="fig"} and Supplement 13 and Supplement 14). Repeat vaccine recipients over two seasons had a significantly, 2-fold higher risk of A(H1N1)pdm09 illness than participants vaccinated during the current season only (adjusted OR, 2.33; 95% CI, 1.04--5.21; Supplement 13). There was no residual protection from 2009 monovalent A(H1N1)pdm09 vaccine alone (−4%; 95% CI, −58%--31%; data not shown).

![Adjusted vaccine effectiveness (VE) for 2015--2016 (current) and/or 2014--2015 (prior) seasonal influenza vaccines against 2009 pandemic influenza A(H1N1) virus (A\[H1N1\]pdm09) and influenza B(Victoria), during the 2015--2016 season, Canadian Sentinel Practitioner Surveillance Network. The exclusion criteria were the same as in the primary analysis but limited to participants ≥9 years old and with complete information for 2014--2015 and 2015--2016 vaccine receipt. CI, confidence interval. ^a^Adjusted for age group, sex, comorbidity, province, collection interval, and calendar time (week of specimen collection was modeled using cubic B spline functions with 3 equally spaced knots). Details are specified in Supplement 3 and Supplement 13.](jix52603){#F3}

### B(Victoria) {#s19}

With B(Yamagata) *v1* and *v2* strains that were antigenically related (*v1*≈*v2*) but phylogenetically distinct (ie, clade 2 vs clade 3, respectively; Supplement 3) and lineage-level mismatched to the dominant B(Victoria) epidemic strain (ie, *v1≠e* and *v2≠e*), there was no significant interaction between *v1* and *v2* (*P* = .90 for the interaction term). Adjusted VE against B(Victoria) was comparable for recipients of *v2*+*v1* and *v2* alone (49% \[95% CI, 18%--68%\]) vs 46% \[95% CI, −21%--76%\]), with a similar pattern observed after incorporating individuals who received vaccine during an additional prior season ([Figure 3](#F3){ref-type="fig"} and Supplement 13 and Supplement 14).

Analysis Stratified by Age {#s20}
--------------------------

VE against A(H1N1)pdm09 was higher for children 1--19 years old (67%; 95% CI, 31%--84%) as compared to nonelderly adults 20--64 years old (35%; 95% CI, 10%--52%) or elderly adults (43%; 95% CI, −26%--74%). Such a difference between children and nonelderly adults was not evident for B(Victoria); there were too few elderly B(Victoria) cases for reliable interpretation (Supplement 11).

A(H1N1)pdm09: Exploratory Cohort Analyses {#s21}
-----------------------------------------

For adults 32--76 years old (birth cohorts 1940--1984) and 37--51 years old (birth cohorts 1965--1979), for whom Linderman et al \[[@CIT0018]\] predicted pronounced K163-priming specificity, VE was 41% (95% CI, 19%--57%) and 43% (95% CI, 4%--66%), respectively (Supplement 15).

As shown in [Figure 4A](#F4){ref-type="fig"} (analysis details are in Supplement 1 and Supplement 15), VE estimates with age regrouping were generally consistent with potential K163-priming effects. However, VE estimates were notably lower (25%; 95% CI, −16%--51%) among participants 40--59 years old (birth cohorts 1957--1976), a cohort of individuals for whom heterosubtypic A(H2N2) and/or A(H3N2) priming would have likely preceded A(H1N1) exposure (Supplement 1 and Supplement 15). The VE was lowest (5%; 95% CI, −66%--46%) for participants 49--59 years old (birth cohorts 1957--1967), among whom heterosubtypic priming to A(H2N2) in particular (or both A\[H2N2\] and A\[H3N2\]) was likely before reemergence of A(H1N1) viruses (K163 bearing) in 1977. Similar age-related patterns were evident in stratified analyses based on subsets of the data (Supplement 15) and in an analysis where age in years was smoothed as a restricted cubic spline with 5 knots based on percentiles ([Figure 4B](#F4){ref-type="fig"}). The 5-knot model had slightly better fit (based on Akaike Information Criterion \[AIC\] values) than models with 3 or 7 knots; however, in the 7-knot model, VE remained lowest among those who were likely heterosubtypically primed with A(H2N2), while additional age-related variability consistent with the report by Linderman et al \[[@CIT0018]\] was also suggested (eg, improved VE with a birth year after 1985; Supplement 16).

![Adjusted vaccine effectiveness (VE) for 2015--2016 seasonal influenza vaccine against 2009 pandemic influenza A(H1N1) virus (A\[H1N1\]pdm09), stratified by age group (*A*) and birth year (*B*), among Canadian Sentinel Practitioner Surveillance Network participants 1--76 years old. *A*, Adjusted VE stratified by age groups adapted to reflect potential variation in K163-priming specificity as per Supplement 1, with stratification by age group based on an interaction model as detailed in Supplement 3 and Supplement 15. *B*, Adjusted VE stratified by single year of age (or derived year of birth), with age smoothed as a restricted cubic-spline function with 5 knots based on percentiles as detailed in Supplement 3 and Supplement 16. Color shading was performed as per Supplement 1 and corresponds to birth year, as follows: orange, pronounced K163 specificity predicted; pink, K163 specificity anticipated but conditional upon age of first A(H1N1) exposure; and gray, K163 specificity not predicted. Birth years without color shading are for children or older adults for whom priming in relation to position 163 varies for additional reasons specified in Supplement 1. CI, confidence interval. ^a^Adapted from the work by Linderman et al \[[@CIT0018]\]. ^b^Period of no A(H1N1) circulation (ie, 1957--1976) for which heterosubtypic priming with A(H2N2) (ie, 1957--1967) and/or A(H3N2) (ie, 1968--1976) is likely before reemergence of A(H1N1) viruses (K163 bearing) in 1977.](jix52604){#F4}

Analysis by Epidemic Period {#s22}
---------------------------

There was significant decline in the adjusted VE against A(H1N1)pdm09 between January--February (62%; 95% CI, 44%--74%) and March--April (19%; 95% CI, −15%--44%; *P* \< .01 for the interaction term; [Figure 5](#F5){ref-type="fig"} and Supplement 11). Adults 49--59 years old contributed slightly more A(H1N1)pdm09 cases in March--April (21%), compared with January--February (17%; Supplement 10), but the interaction between age group and epidemic period (*P* = .88) or month (*P* = .09) was not significant in VE models.

There was no decline in VE between January--February and March--April for influenza B(Victoria) (49% \[95% CI, 14%--70%\] vs 56% \[95% CI, 27%--74%\]; [Figure 5](#F5){ref-type="fig"} and Supplement 11).

![Adjusted vaccine effectiveness (VE) for 2015--2016 seasonal influenza vaccine against 2009 pandemic influenza A(H1N1) virus (A\[H1N1\]pdm09) and B(Victoria) virus, by epidemic period, Canadian Sentinel Practitioner Surveillance Network. Stratified estimates were derived using an interaction model based on the entire analytic sample for A(H1N1)pdm09 and B(Victoria); sample sizes for epidemic subgroups are displayed for interest. Abbreviation: CI, confidence interval. ^a^Adjusted for age group, sex, comorbidity, province, collection interval, epidemic period (based on month of specimen collection), and vaccination status\*epidemic period interaction. Details are provided in Supplement 11.](jix52605){#F5}

DISCUSSION {#s23}
==========

In this analysis for the delayed 2015--2016 A(H1N1)pdm09 and concurrent influenza B(Victoria) epidemics, we identified a VE of \<50% against A(H1N1)pdm09, despite antigenic match, and a VE of \>50% for B(Victoria), despite lineage-level mismatch, to the trivalent vaccine. To examine these discordant findings, we used the integrated virological and epidemiological databases of the Canadian SPSN, incorporating other agent-host considerations to understand vaccine performance, such as viral genomic variation, birth (or immunological) cohort effects, prior vaccination history and potential within-season waning of vaccine protection.

The VE of 43% (95% CI, 25%--57%) we report is the lowest measured by the Canadian SPSN against A(H1N1)pdm09 since its emergence in 2009 and was substantially lower than the VE of 71% (95% CI, 58%--80%) measured during the last A(H1N1)pdm09 epidemic, during 2013--2014 (Supplement 17) \[[@CIT0004]\], and lower also than the average seasonal A(H1N1)pdm09 VE reported in recent meta-analysis (61%; 95% CI, 57%--65%) \[[@CIT0006]\]. Decline in A(H1N1)pdm09 VE from 2013--2014 to 2015--2016 was also identified by networks in the United States (54% \[95% CI, 46%--61%\] vs 45% \[95% CI, 34%--53%\]) and Europe (48% \[95% CI, 16%--67%\] vs 33% \[95% CI, 4%--52%\]) but was less substantial as compared to Canada (with absolute decreases of 9% in the United States and 15% in Europe, compared with 28% in Canada) \[[@CIT0024], [@CIT0030]\]. In Canadian children 2--17 years old, the odds of vaccine failure against A(H1N1)pdm09 in 2015--2016 was greater (nonsignificantly) for LAIV recipients than for inactivated influenza vaccine recipients (unadjusted OR, 3.75; 95% CI, .65--21.74; Supplement 12), as also reported (significantly) by the United States (adjusted OR, 3.67; 95% CI, 1.86--7.31) \[[@CIT0033]\]. The 2015--2016 unadjusted estimate of LAIV effectiveness as compared to no vaccine receipt (51%; 95% CI, −37%--83%; Supplement 12) in Canada was not as low as the adjusted estimate reported by the US FluVE network (−19%; 95% CI, −113%--33%) \[[@CIT0030]\] but was more similar to adjusted estimates reported by the manufacturer (50%; 95% CI, −2%--75%) \[[@CIT0034]\] and from the United Kingdom (42%; 95% CI, −9%--69%) \[[@CIT0035]\]. Overall, however, children who received LAIV were not the main drivers of low VE against A(H1N1)pdm09 in Canada, the United States \[[@CIT0030]\], or Europe \[[@CIT0031]\].

During A(H1N1)pdm09 epidemics in both 2013--2014 and 2015--2016, circulating viruses were considered antigenically matched to the unchanged vaccine despite mutations in the pivotal antigenic site Sa distinguishing clade 6B viruses in 2013--2014 (bearing K163Q) and clade 6B.1 viruses in 2015--2016 (bearing K163Q and S162N) \[[@CIT0004], [@CIT0013]\]. The new S162N substitution in clade 6B.1 viruses in 2015--2016 may have conferred a gain of glycosylation that shielded not only antigenic site Sa of the same monomer, including Q163, but also part of antigenic sites Sb and Ca2 on the adjacent monomer of the HA trimer. Such mutations and associated glycosylation changes are anticipated to affect antigenicity and immunogenicity, including antibody binding and VE \[[@CIT0036]\].

In 2013--2014, when A(H1N1)pdm09 had an earlier January peak, VE estimates in Canada were comparable between mid- and full-season analyses (74% \[95% CI, 58%--83%\] and 71% \[95% CI, 58%--80%\], respectively), which was expected because 70% of the A(H1N1)pdm09 cases had already accrued by mid-season analysis \[[@CIT0004], [@CIT0012]\]. Conversely, in 2015--2016, the published interim VE included specimens collected during December--February but missed more than half the season's A(H1N1)pdm09 cases that accrued thereafter, notably during the delayed peak in March 2016 \[[@CIT0013]\]. The VE we report here for specimens collected during January--February 2016 (62%; 95% CI, 44%--74%) is similar to interim published data from Canada (64%; 95% CI, 44%--77%) \[[@CIT0013]\], whereas the VE for March--April 2016 dropped significantly (19%; 95% CI, −15%--44%). A similar but less pronounced decrease between mid-season (44%; 95% CI, −3%--70%) \[[@CIT0037]\] and full-season (33%; 95% CI, 4%--52%) \[[@CIT0031]\] VE was also reported from Europe in 2015--2016, revealing a consistent pattern of intra-season waning of protection that, absent notable differences in virologic or participant characteristics across that period, warrants further investigation.

With identical prior and current season's vaccines and antigenically similar epidemic virus (*v1*≡*v2*≈e), a pattern of positive interference (ie, improved VE) was suggested for *v2*+*v1* versus *v2* alone against A(H1N1)pdm09 in the initial postpandemic seasons in Canada, although with overlapping 95% CIs \[[@CIT0009], [@CIT0010], [@CIT0015]\]. This pattern was also noted in Spain, where, similar to Canada, the majority of monovalent A(H1N1)pdm09 vaccine distributed in 2009 was adjuvanted \[[@CIT0038]\], the significance of which in interpreting these findings is unclear. By 2013--2014, residual protection from the 2009 AS03-adjuvanted vaccine was no longer evident in Canada \[[@CIT0004]\]. Also beginning in 2013--2014, a marginally reduced VE for recipients of *v2*+*v1* versus *v2* alone was observed (72% \[95% CI, 56%--82%\] vs 80% \[95% CI, 45%--92%\])---a pattern that became more pronounced in 2015--2016 (41% \[95% CI, 18%--57%\] vs 75% \[95% CI, 45%--88%\]), with significant interaction between *v1* and *v2* (Supplement 18). Residual protection from the prior season's *v1* alone was also lower in 2015--2016 as compared to 2013--2014 (25% \[95% CI, −13%--51%\] vs 49% \[95% CI, 15%--70%\]; Supplement 18). Although VE against A(H1N1)pdm09 was also marginally reduced for *v2*+*v1* versus *v2* recipients in the United States in 2013--2014 (51% \[95% CI, 37%--62%\] vs 61% \[95% CI, 40%--74%\]) \[[@CIT0024]\], that pattern was not observed in 2015--2016 (40% \[95% CI, 24%--52%\] vs 38% \[95% CI, 18%--54%\]) \[[@CIT0030]\].

Since 2009, the same conditions of *v1*≡*v2*≈e have been maintained for A(H1N1)pdm09, based on antigenic characterization by the HI assay. However, gene sequencing analysis identified evolution away from vaccine viruses, including key epitope differences and glycosylation changes, that are also potentially relevant in interpreting repeat vaccination effects. Antigenic distance metrics conventionally based on fold reductions in HI titers, determined using antisera from influenza-naive ferrets, may otherwise lack the necessary resolution to reflect vaccine virus relatedness or reliably inform the impact of repeat vaccination. Findings for A(H1N1)pdm09 in 2015--2016 reinforce the need for updated models that more directly link genomic, immunological, and epidemiological information. Ideally, these should also take into account preexisting immunological landscapes established over an extended period and upon which single versus serial vaccination effects are then superimposed \[[@CIT0017]\].

Linderman et al \[[@CIT0018]\] have proposed that distant childhood priming with A(H1N1) viruses bearing the exposed K163 epitope may have induced preferential K163-specific memory responses in middle-aged adults. They further proposed that annual administration of K163-bearing A/California/07/2009 (H1N1)pdm09 vaccine, used consistently since 2009, may have preferentially reinforced K163 specificity, potentially limiting protection against contemporary Q163 clade 6B variants (Supplement 1). Our age-based explorations for 2015--2016 generally align with predicted patterns extrapolated from Linderman et al. However, our age-stratified VE findings for A(H1N1)pdm09 are also consistent with other more prominent epochal distinctions, notably heterosubtypic priming with ancestral A(H2N2) and/or A(H3N2) subtype viruses. The VE against A(H1N1)pdm09 was lowest and negligible in 2015--2016 (5%; 95% CI, −66%--46%) among participants 49--59 years old (birth cohorts 1957--1967), for whom heterosubtypic priming to A(H2N2) (group 1 HA) in particular and/or subsequently to A(H3N2) (group 2 HA) are likely to have preceded A(H1N1) (group 1 HA) exposure before its reemergence in 1977 \[[@CIT0039], [@CIT0040]\]. Much remains unknown about heterosubtypic interactions, but their influence on age-related risk has recently been highlighted in other contexts for influenza A virus \[[@CIT0039], [@CIT0040]\]. The potential benefits of early influenza virus infection on protection later in life are also important to acknowledge \[[@CIT0019], [@CIT0041]\], as demonstrated in the higher cross-reactive antibody levels and lower infection risk among very old individuals during the A(H1N1)pdm09 pandemic \[[@CIT0042]\]. Protection of very old individuals against A(H1N1) strains related to those to which they were exposed during childhood may have a negative ecologic corollary in their greater vulnerability to A(H3N2) \[[@CIT0043]\]. The opposite pattern of A(H1N1)pdm09 risk in cohorts originally primed with A(H2N2) and/or A(H3N2) also remains speculative: we highlight that pronounced variation in age-adjusted VE was not statistically significant and was not as evident in our data for 2013--2014 (Supplement 19). Other, more recent shifts in age-related serosusceptibility have also been proposed to explain the 2013--2014 epidemic resurgence \[[@CIT0044]\].

The substantial cross-lineage VE (54%; 95% CI, 32%--68%) we report for predominantly B(Yamagata) vaccine (trivalent) against predominantly B(Victoria) epidemic viruses is similar to the United States VE estimate for 2015--2016 (49%; 95% CI, 30%--64%) and also suggests immunological interactions across antigenically distinct viruses---a previously recognized but poorly understood phenomenon \[[@CIT0010], [@CIT0045]\]. The lower median age for B(Victoria) versus B(Yamagata) infections in 2015--2016 (19 vs 39 years; Supplement 10) or for infections during the predominantly B(Victoria) epidemic in 2015--2016 as compared to those during the predominantly B(Yamagata) epidemic in 2013--2014 (23 vs 43.5 years) is another previously recognized but poorly understood pattern that likely also reflects complex immuno-epidemiological considerations \[[@CIT0048]\]. It is unlikely that the VE we report for B(Victoria) in 2015--2016 is attributable to the quadrivalent B(Victoria) vaccine component, given its limited use (\<15% of total doses distributed) in Canada in 2015--2016 (Supplement 3). Antigenic relatedness of circulating B(Victoria) viruses to the quadrivalent vaccine component is furthermore uncertain, given the loss of N-linked glycosylation with egg adaptation of the vaccine strain, a recognized issue for interpreting HI characterization \[[@CIT0049]\]. Unlike A(H1N1)pdm09, we did not observe further variation in VE against influenza B(Victoria) based on repeat vaccination, age, or epidemic period. However, in the United States, where there has been greater quadrivalent vaccine use, negative interference was suggested in 2015--2016 with repeat vaccination against B(Victoria) \[[@CIT0030]\].

There are limitations to these analyses, several of which are exploratory and lack statistical power for conclusive interpretation, notably with subgroup stratification. Ultimately, given the observational design, we cannot rule out random variation or residual confounding. Additionally, as elaborated in Supplement 1, discrete cohort effects are challenging to ascribe using age as a surrogate for original influenza virus (or epitope-specific) priming, especially since an individual's first influenza virus exposure may lag several years around a particular birth annum, obscuring epochal distinctions. Most of the population is likely to have been immunologically primed before 6 years old \[[@CIT0029]\], with variability at the individual level. We interpreted findings by using a maximum 9-year lag from birth to influenza virus priming, as used by expert committees in their 1- versus 2-dose vaccine recommendations for children \[[@CIT0027], [@CIT0028]\]. This outer range accounted for an extended period of uncertainty in delineating immunological cohorts and excluded individuals with K163 specificity from those without such priming after 1985 (Supplement 1). In sensitivity analyses, VE estimates were not identical, but overall age-related patterns were robust. Vaccination history was based on a combination of self-report and sentinel practitioner documentation that may be subject to information bias; however, vaccine status was recorded before the influenza virus test result is known, minimizing differential recall, and vaccine coverage among our test-negative controls is generally consistent with that in other Canadian surveys \[[@CIT0050]\]. Most vaccinated participants are habitual recipients; findings for smaller subsets of current or prior vaccination only may be associated with greater statistical and epidemiological uncertainty.

In conclusion, complex agent-host and immuno-epidemiological interactions beyond antigenic match are relevant to understanding vaccine performance. This includes variation in the viral genome and shifting patterns of glycosylation; potential cohort effects induced by childhood priming and subsequent cross-reactive boosting exposures (including possible heterosubtypic or interlineage); preexisting immunological landscapes and superimposed refocusing effects of repeat vaccination; as well as within-season waning of immunity across early versus late epidemic periods. Such influences on VE estimates may be daunting to untangle but warrant further in-depth investigation to identify improved vaccine and program options.
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